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ABSTRACT Current theory and experiments describing actin polymerization suggest that site-specific cleavage of bound
nucleotide following F-actin filament formation causes the barbed ends of microfilaments to be capped first with ATP subunits,
then with ADP bound to inorganic phosphate (ADP.Pi) at steady-state. The barbed ends of depolymerizing filaments consist
of ADP subunits. The decrease in stability of the barbed-end cap accompanying the transition from ADP*Pi to ADP allows
nucleotide hydrolysis and subsequent loss of Pi to regulate F-actin filament dynamics. We describe a novel computational model
of nucleotide capping that simulates both the spatial and temporal properties of actin polymerization. This model has been used
to test the effects of high filament concentration on the behavior of the ATP hydrolysis cycle observed during polymerization.
The model predicts that under conditions of high microfilament concentration an ADP cap can appear during steady-state at
the barbed ends of filaments. We show that the presence of the cap can be accounted for by a kinetic model and predict the
relationship between the nucleotide concentration ratio [ATP]/[ADP], the F-actin filament concentration, and the steady-state
distribution of barbed-end ADP cap lengths. The possible consequences of this previously unreported phenomenon as a
regulator of cytoskeletal behavior are discussed.
INTRODUCTION
Actin is a ubiquitous, highly conserved polymeric protein
found in large concentrations in the periphery of eukaryotic
cells. Actin filaments provide structural support and are key
components in determining the motile and viscoelastic prop-
erties of the cell. A large network of regulatory proteins acts
in concert with intracellular messengers to dynamically re-
model the actin cytoskeleton, producing a highly organized
cooperative system that is the primary effector of cell de-
formation processes (Korn, 1982; Stossel et al., 1985; Pollard
and Cooper, 1986).
The monomeric form of actin (G-actin) possesses a
nucleotide binding site and one high-affinity divalent cation
binding site. Under physiological salt concentrations (100
mM KCl and 1 mM Mg2+), G-actin spontaneously poly-
merizes into long helical filaments (F-actin). These filaments
are polarized, such that polymerization proceeds more rap-
idly at one end (the "barbed" end) than at the other (the
"pointed" end) (Carlier, 1991).
In order to understand the complex network of proteins
and ligands that regulate the actin cytoskeleton, it is essential
first to understand how the kinetics of the polymerization
process itself are regulated. The most widely received model
at present was originally outlined by Korn et al. (1987) and
is briefly summarized in the following four paragraphs.
The nucleotide binding site of G-actin may be occupied by
either ATP or ADP. Polymerization ofADP G-actin is con-
sistent with the reversible nucleation-elongation process for
helical filaments described by Oosawa and Asakura (1976).
According to Oosawa and Asakura, polymerization occurs
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more rapidly at the barbed end of the filament than at the
pointed end; however, the reaction is reversible so dissocia-
tion is more rapid at the barbed end as well, and the resulting
critical concentration at both ends is equal.
Polymerization of ATP-G-actin is more complex (Korn
et al., 1987). Following the association of ATP monomers
with the barbed ends of filaments, the bound ATP is rapidly
cleaved to ADP-Pi. The rate of cleavage of ATP on a given
subunit is strongly dependent on the type of nucleotide bound
to immediately adjacent subunits. Cleavage is approximately
104 times more probable if the ATP subunit lies adjacent to
an ADP or ADP-Pi subunit than if it is surrounded by other
ATP subunits. The more probable type of cleavage is called
vectorial hydrolysis, because it results in an interface be-
tween newly polymerized ATP and older ADP-Pi subunits.
This interface moves rapidly toward filament ends. The less
probable cleavage type is called random hydrolysis, because
it can occur anywhere within a region ofATP subunits. After
hydrolysis, the Pi bound to ADP-Pi subunits is released over
a time period roughly 103 times longer than that required for
hydrolysis, leaving F-actin subunits bound only to ADP. The
release of Pi from ADP-Pi subunits occurs randomly at any
position.
When ATP G-actin concentration is high and the rate of
association at the barbed ends of filaments far exceeds the
rate of cleavage of the bound ATP, a long cap of ATP sub-
units forms at the barbed ends of filaments. As the monomer
pool is depleted and polymerization slows, ATP cleavage
consumes the ATP cap leaving a cap of ADP-Pi subunits in
its place. Finally, at steady state, random release of Pi causes
most of the inner core of subunits to be bound to ADP, while
a small cap of ADP-Pi subunits persists at the barbed ends
of filaments. A similar sequence of events is thought to occur
at the pointed ends of filaments, but the slower polymeriza-
tion rates at this end have made confirmation of this hy-
pothesis difficult (Kom et al., 1987).
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According to the above model, the polymerization of
ATP G-actin consumes a large amount of energy through the
hydrolysis of ATP. Korn et al. (1987) have pointed out that
this is not usual for noncovalent assembly processes, and
have suggested that the most likely reason for this phenom-
enon is therefore to provide a regulatory switch for actin
polymerization. They have further proposed that this regu-
latory switch could facilitate the formation and destruction
of filaments whenever required through a mechanism simi-
lar to the dynamic instability observed for microtubules.
The crucial determinant in dynamic instability is the type
of nucleotide bound to the terminal subunits of filaments.
It is therefore essential to establish which type of nucleo-
tides will be present on the tips of actin filaments under
different conditions.
Many cytoskeletal remodeling processes associated with
phospholipase C-mediated turnover in the phosphatidylino-
sitol pathway consist of two sequential steps. First, rapid
hydrolysis of phosphatidylinositol bisphosphate (PIP2) into
diacylglycerol and inositol triphosphate causes intracellular
Ca stores to be emptied into the cytosol. Raised levels
of Ca21 then activate F-actin severing and nucleating pro-
teins, resulting in a several-fold increase in the number of
filaments. Second, phosphorylation of phosphatidylinositol
and phosphatidylinositol phosphate (PIP) raises PIP2 levels
again, stimulating monomer sequestering proteins to re-
lease large amounts of G-actin into the cytosol. The net re-
sult of these processes is an extensive polymerization of
newly released monomers on to newly formed filament
ends (Stossel, 1989).
In order to explore the importance of actin's ATP hydro-
lysis cycle during this kind of remodeling process, we have
conducted a simulation of Korn et al.'s (1987) actin poly-
merization model under conditions of high filament concen-
tration. We begin this paper with a summary of the computer
model and the simulation of actin polymerization. We then
review the simulation results, focusing on the formation of
small ADP caps at the barbed ends of filaments over an
extended period of time and discussing the causes of this
phenomenon. We find that our results both support and ex-
tend Korn et al.'s (1987) hypothesis. We conclude with a
discussion of the potential implications of this phenomenon
for regulation of cytoskeletal structure and function in vivo.
MATERIALS AND METHODS
The mechanisms proposed to account for the formation of ATP caps on
polymerizing microfilaments were tested with a cellular automaton (CA)
method of modeling the actin cytoskeleton (Dufort and Lumsden, 1993). By
incorporating both reaction and diffusion in a single framework, the CA
method simultaneously solves the kinetic rate equations describing the con-
centrations of all chemical species and the reaction-diffusion equations de-
scribing the emergence of spatial and temporal order. The reaction mecha-
nisms and rate constants used in the simulation described in this paper are
listed in Table 1, along with the references from which the rate constants
were taken.
Biochemistry in the model
Proteins, ligands, and reactions were chosen to incorporate the mechanisms
used in the model of actin polymerization proposed by Korn et al. (1987).
The proteins and ligands consisted of G-actin monomers and F-actin fila-
ments, the divalent cation Mg2", the nucleotides ATP and ADP, and the
ATP hydrolysis product Pi. The effects of Ca2l have not been included
because actin is thought to be bound primarily to Mg2" under physiological
conditions (Kom, 1982).
The model's database organized the molecular species into two classes.
Class 1 contained the macromolecules G-actin and F-actin, whose motion
was simulated explicitly, while Class 2 contained the smaller molecules
ATP, ADP, Mg2+, and Pi. The model assigned Class 2 reactants an infinite
diffusive mobility and distributed them homogeneously throughout the
simulation volume at all times. This approximation is justified by the large
diffusion constant for these small molecules and the small size of the simu-
lation volume (600 nm on each side) (Dufort and Lumsden, 1993).
The reaction mechanisms and kinetic data for these species can be sum-
marized as follows.
Class 1 reactants
Actin polymerization
G-actin monomers could bind to filament ends and F-actin subunits could
dissociate from filament ends. The rate constants varied with the cation and
nucleotide bound to the associating or dissociating subunit (Pollard, 1986),
and with the end of the filament (barbed or pointed) involved (Carlier, 1991).
G-actins without a bound cation and a bound nucleotide could not bind to
filaments (Korn, 1982). F-actin subunits with bound ADP-Pi dissociated
with the same rate constant as ATP subunits (Korn et al., 1987). Reported
rate constants vary widely depending on the ionic salt concentrations used
to induce polymerization, especially Mg2", Ca2 , and KCl. All of our mod-
eling runs used rate constants from experiments conducted in or very close
to 100mM KCl, 1 mM Mg2+, and 0.1 ,tM Ca2+. These values were chosen
for their similarity with intracellular ionic conditions (Nowak and Goody,
1988).
Class 2 reactants
Cations
Each actin subunit in the model could bind either one Mg2+ or no cation
(Korn, 1982). Binding and dissociation of cations was only permitted for
G-actin (Estes et al., 1987). F-actin subunits were assumed to be bound to
Mg2 . Monomers without a bound cation could not nucleate or polymerize
(Pollard and Cooper, 1986). Rate constants for cation binding depended on
the type of nucleotide bound to the monomer (Carlier, 1991). This scheme
was based on the first-order model of Estes et al. (1987) for the high affinity
cation binding site of actin.
Nucleotides
Each actin subunit in the model could bind either one ATP or one ADP, or
no nucleotide (Korn, 1982). Binding and dissociation of nucleotides was
only permitted for G-actin (Korn, 1982). Monomers without a bound nucleo-
tide could not nucleate or polymerize (Korn, 1982). Rate constants for
nucleotide binding depended on the type of nucleotide and the type of cation
bound to the monomer (Kinosian et al., 1993). Hydrolysis of bound ATP
to ADP-Pi could only occur on F-actin subunits (Korn et al., 1987; Carlier
et al., 1987). The nucleotide concentrations in all of the modeling runs
described in this paper were fixed at 200,uM ATP and 20 ,uM ADP in order
to approximate physiological conditions.
ATP hydrolysis
ATP bound to F-actin subunits in the model could be hydrolyzed to form
ADP-P. (Carlier and Pantaloni, 1986). The probabilities governing this pro-
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TABLE 1 Reactions, mechanisms, and rate constants used in the simulation
Rate constants
Number Reaction k+ k Reference
FM-1 s-1 s-i
k+
1 G-ATP + Mg = G-ATP-Mg 0.36 0.01 1
k-
2 G-ADP + Mg ^ G-ADP Mg 21.0 0.04 2
k+
3 G-Mg + ATP - G-ATP-Mg 1.1 0.005 3,4*
4 G Mg + ADP- GADP Mg 1.2 0.033 3,4*
k-
5 F-ATP-Mg - F-ADP-Pi-Mg 0.001 s-1 5(random)
6 F-ATP-Mg - F-ADP-Pi-Mg 12.3 s-1 (Barbed) 5(vector)
k+
7 F-ATP-Mg - F-ADP-Pi-Mg 1.3 s5 (Pointed) 5(vector)
k-
8 F-ADP-Pi-Mg - FADP-Mg + Pi 0.0055 6
9 G-ATTPMg + F, _ Fe+ 5.2 0.36 2
k-lO G-ATP Mg -FPFp+ 1.3 0.8 7
11 G-ADP-Mg + FB_ FB+1 0.9 1.8 8
k-
12 G-ADP-Mg + F-_ FP+1 0.14 0.28 7f
Abbreviations used: Mg = magnesium, ATP = adenosine triphosphate, ADP = adenosine diphosphate, G = G-actin, F = F-actin (B = barbed end, P =
pointed end, n = filament contains n subunits).
References: 1: Estes et al. (1987), 2: Carlier (1991), 3: Nowak and Goody (1988), 4: Kinosian et al. (1993), 5: Carlier et al. (1987), 6: Carlier and Pantaloni
(1986), 7: Pollard (1986), 8: Pollard and Cooper (1986).
*The nucleotide dissociation rate constants, taken from Kinosian et al. (1993), have been increased 10-fold to account for the presence of 100 mM KCI.
$These rate constants have been adjusted slightly (10%) to ensure that the critical concentration of ADP-actin is the same at both ends of the filament. The
adjustment is well within the published error in the constants (Pollard, 1986).
cess depended on the type of nucleotide bound to the adjacent subunits on
the filament. The model incorporated a constant rate of hydrolysis that could
occur at any random location on the filament, but hydrolysis on ATP sub-
units adjacent to ADPPi subunits occurred far more rapidly (this process
is called vectorial hydrolysis) (Korn et al., 1987). Vectorial hydrolysis to-
ward the barbed end occurred more rapidly than toward the pointed end
(Carlier et al., 1987).
Pi release
Pi could be released from ADP-Pi F-actin subunits at random to form ADP
subunits (Carlier and Pantaloni, 1986).
The cellular automaton model
The basic simulation method and its physical justification have recently been
described (Dufort and Lumsden, 1993). We give here a summary of the
method and its implementation for nucleotide cap modeling. The chemical
reactions occurred in a three-dimensional cellular automaton whose sites
formed a cubic lattice. Several discrete variables were associated with each
lattice site representing the presence or absence of a molecule, the species
and orientation of the molecule, the presence or absence of bound nucleo-
tides and cations, and a list of other proteins to which the molecule was
bound. At each time step, every class 1 molecule in the lattice was given
the opportunity to react with neighboring molecules and to diffuse to an
adjacent site.
Diffusion was implemented by having every molecule choose an adja-
cent site at random. A random number was then generated and compared
to the probability of an object of this molecule's size diffusing to the adjacent
site in one time step. If the random number was less than the probability,
the molecule moved to the new site. If the number was greater than the
probability, the molecule had to wait until the next time step, when the
lottery process was repeated.
Molecules could move to any of 26 adjacent sites. To respect the strong
steric repulsion between molecules in close proximity, no lattice site could
be occupied by more than one molecule at a time. The lattice spacing pa-
rameter Ax (the shortest distance separating each lattice site) was set to 7
nm to reflect the approximate distance between two F-actin filaments (Hol-
mes et al., 1990).
Calculation of molecular diffusion probabilities required the choice of a
suitable value for the cytoplasmic viscosity. A value of q = 55 centiPoise
was chosen based upon the work of Jacobson and Wojcieszyn (1984). The
diffusion constant for each Class 1 reactant was then calculated asD = kT/f,
where T is temperature andf is the molecular friction coefficient. Formulae
for the friction coefficients in terms of molecular size, shape, and cyto-
plasmic temperature and viscosity were taken from Tanford (1961). The
probability for motion was calculated by comparing the expected root-mean-
square displacement of a molecule having diffusion coefficient D after one
time step At with the distance between the old site and the new site Ax. A
value At = 10-5 s was chosen to maximize simulation speed while simul-
taneously ensuring that the simulation would accurately solve the diffusion
equation (Dufort and Lumsden, 1993). Rotational diffusion was handled in
a manner analogous to translational diffusion.
Chemical reactions for Class 1 molecules were implemented by having
each reactant A scan the lattice site pointed to by its orientation vector. If
this site was occupied by molecule B, then the probability of a reaction
between A and B was retrieved from a table and compared to a random
number to determine if the reaction would take place. IfA and B did react
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to form a new species A -B, then for as long as the two molecules remained
bound they were constrained to rotate and translate through the lattice to-
gether as a single unit. At each subsequent time step the reverse reaction
probability was compared to a random number to determine if the two
molecules would dissociate. The reaction probabilities were calculated in
terms of experimentally determined rate constants and the cellular automa-
ton lattice spacing Ax and time step At (Dufort and Lumsden, 1993).
Class 2 molecules were represented by an average concentration field
that was constant throughout the lattice. At each time step every Class 1
reactant A was given the opportunity to react with each concentration field
C by comparing the forward reaction probability to a random number. If the
reaction took place, then the state of the real molecule A was modified to
reflect this new status, and subsequent reactions involving A whose out-
comes depended on the presence of C took this status into account. On each
subsequent step, A was given an opportunity to lose C via comparison of
the reverse reaction probability with a random number.
Simulation
The simulation of actin polymerization and subsequent hydrolysis of ATP
was performed on a cubic automaton lattice measuring 600 nm (85 lattice
sites) on each side. This size permitted simulation of a sufficient number of
molecules to ensure statistically significant tests of the Korn et al. model,
while simultaneously maintaining a tolerable program execution time (10
days per simulation run). The lattice was seeded with 800 nM (104 fila-
ments) of F-actin, each filament seed measuring 15 subunits in length and
25 ,uM of G-actin (2459 monomers). These values were chosen for their
consistency with intracellular conditions during cell activation, after ex-
tensive filament severing has occurred, and large quantities of G-actin have
been released by monomer sequestering proteins (Stossel, 1989). The size
of the simulation lattice and the concentrations of actin used also ensured
that polymerizing filaments were not prevented from further growth, be-
cause they had reached the borders of the lattice. Filament seeds were placed
at steady state prior to the addition of the monomers and so consisted of 13
ADP subunits with a small ADP-P, cap (two subunits) at the barbed end.
This assumption is also consistent with conditions expected during cell
activation after extensive filament severing.
The CA was simulated on a Silicon Graphics (Mountainview, CA) Crim-
son VGX workstation for 60 s of model time (6 X 106 iterations). Through-
out the simulation, the entire contents of the lattice were saved at intervals
of 0.01 s (103 iterations) for the first 5 s, and every 0.1 s thereafter (104
iterations), so that the change in the nucleotide distribution over time could
be visualized and the concentrations of all molecular species could be fol-
lowed in detail. These time intervals were chosen because few reactions took
place over time intervals smaller than this.
RESULTS AND DISCUSSION
The time course of polymerization for the three species of
F-actin subunits (ATP, ADP-Pi, and ADP) showed strong
differences (Fig. 1). A rapid surge of ATP subunits was ob-
served over the first 0.5 s, followed by a slightly less rapid
replacement with ADP-Pi over the next 2s, and finally a very
slow replacement of ADP-Pi with ADP over the following
58 s. This sequence of events is consistent with Korn et al.'s
(1987) model of actin polymerization: first, the initial rate of
polymerization far exceeded the constant rate of ATP hy-
drolysis, so large ATP caps formed; then, as the monomer
pool was consumed and polymerization slowed, ATP hy-
drolysis caught up and the ATP caps were transformed into
ADP-Pi caps; finally, random release of inorganic phosphate
caused the slow replacement of ADP-Pi subunits with ADP
subunits.
The sumof these three curves, yielding the totalconcen-
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FIGURE 1 Nucleotide composition of polymerized and unpolymerized
actin subunits versus time. ATP monomers initially associated rapidly on
to filament ends, making ATP subunits the most abundant type for ap-
proximately 1 s. This was quickly followed by cleavage of the bound ATP
into ADPPJ. Pi was gradually released over a period of 60 s, leaving ADP
subunits as the most abundant species in the filaments.
overshoot of polymerization up to 36.8 ,uM at 1.7 s, corre-
sponding to a mean filament length of 46 subunits, followed
by a slow decay down to a steady value of 35.2 ± 0.1zM
at 8.5 s, corresponding to a mean filament length of 44 sub-
units. The prediction of this overshoot by our simulation is
consistent with the results reported by Carlier et al. (1985).
The decay of the overshoot of F-actin was accompanied by
a significant change in the nucleotide composition of the
monomer pool. While the concentration of ATP-G-actin
fell from an initial value of 25 piM to a steady value of
0.01 ± 0.01zM in 5 s, the concentration of ADP-G-actin
rose from an initial value of zero to a steady value of 1.8
0.1 ,uM by 8.5 s.
The replacement over time of ADP Pi F-actin with
ADP-F-actin predicted by our simulation is qualitatively
consistent with the results reported by Carlier and Pantaloni
(1986), but there is a discrepancy between the rates. While
the rate of replacement was exponential in both cases as
expected for a first order reaction, our data indicate a half-life
of 1.4 min as opposed to their value of 2 min. This discrep-
ancy was the first indication in the course of our study that
ADP subunits were being incorporated into filaments in an
unexpected way. The discrepancy was found to be a result
of the formation ofADP caps at the barbed ends of filaments,
described further below.
Visualization of the simulation over the time course of
polymerization revealed an order in the distribution of
nucleotides on filaments. At 0.4 s, long and short ATP
caps could be seen at the barbed and pointed ends of fila-
ments, respectively (Fig. 2 A). By 8 s these had been re-
placed by ADP-Pi subunits, and small ADP caps were be-
ginning to appear at the barbed ends (Fig. 2 B). Finally, at
60 s, prominent ADP caps could be seen at the barbed
tration of polymerized F-actin subunits, predicted a brief
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FIGURE 2 Three-dimensional visualization of polymerizing actin filaments at 0.4, 8, and 60 s of model time. The filaments were contained in a cubic
lattice whose edges are delineated by thin yellow lines. ATP subunits are red, ADP-P; subunits are green, and ADP subunits are yellow. (A) 0.4 s of model
time; (B) 8 s; (C) 60 s. 80% of the filaments have been chosen at random and removed from the visualization so that the entire length of the remaining
filaments can be observed. Large ATP caps appeared at the barbed ends of filaments and smaller caps at the pointed ends after 0.4 s. After 8 s all of the
ATP had been cleaved, and ADP-Pi caps occupied both ends of most filaments. Some filaments had small ADP caps at their barbed ends. After 60 s, ADP
caps of many sizes could be seen at the barbed ends of filaments, in addition to the expected ADP core near their pointed ends.
tion of ADP sites also appearing inside the ADP Pi
regions (Fig. 2 C).
In order to obtain an average representation of the many
filaments appearing in the visualizations, the filaments from
each saved time step were placed side by side so that the
initial filament seeds were aligned. The subunits in each fila-
ment were then numbered according to their position n with
respect to the initial seed such that n = 0 was at the middle
of the seed, positive values of n went toward the barbed end
of the filament, and negative values went toward the pointed
end. For each nucleotide type, all 104 filaments were ex-
amined and the number of filaments whose subunit at po-
sition n had the specified nucleotide was counted. This pro-
cedure revealed the spatial distribution of nucleotides on the
filaments (Fig. 3). Large initial distributions ofATP subunits
at the barbed and pointed ends of filaments were converted
by vectorial hydrolysis into ADP-Pi subunits within 3 s, fol-
lowed by the appearance of an increasing number of ADP
subunits at all positions on the filaments. The distribution of
ADP subunits reveals the presence of ADP caps: if the in-
creasing number of ADP subunits was due solely to release
of Pi at random locations on the filaments, then the propor-
tion ofADP subunits, taken as a fraction of the total number
of subunits at each position, would remain constant. Instead,
the proportion of ADP subunits tended toward unity as the
ends of the filaments were approached, clearly indicating the
presence ofADP caps at both ends of the filaments that were
not the result of random Pi release.
The appearance of ADP caps is related to the conversion
of the monomer pool to ADPG-actin noted above. The con-
version, explained theoretically by Hill (1981) and demon-
strated experimentally by Pantaloni et al. (1984), is due to the
presence of high filament concentration and the slow ex-
change ofADP for ATP on actin monomers (Kinosian et al.,
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FIGURE 3 Spatial distribution of bound nucleotide on filaments. In order to render the simulation data in this format, the entire contents of the lattice
were saved at several time steps throughout the simulation. For each time step, all 104 filaments were positioned side by side so that the initial filament
seeds were aligned. This allowed the subunits in each filament to be numbered according to their position n with respect to the initial seed such that n =
0 was at the middle of the seed, positive values of n went toward the barbed end of the filament, and negative values went toward the pointed-end. Each
column of bars in the figure is a schematic representation of the filaments from one of the time steps, with each bar corresponding to a different subunit
position n. The colors in each bar represent the quantity of each nucleotide type at that position: red is ATP; green is ADP: Pi; and yellow is ADP. The
maximum bar length is 104 subunits. All filament seeds began with 13 ADP subunits and 2 ADP-Pi subunits at the barbed end. A large ATP cap quickly
grew at the barbed end and was in turn rapidly consumed by vectorial cleavage of ATP to ADP-P;. A similar but smaller sequence of events occurred
simultaneously at the pointed end. Random release of Pi from ADP-P1 subunits then followed, along with growth of a small cap of ADP subunits at the
barbed ends of many filaments.
1993). At steady state, when the ends of actin filaments con-
sist of ADPPi subunits, association and dissociation of sub-
units continues but no net change in mean filament length is
observed. Under these conditions, the ATP bound to newly
associating monomers will be quickly cleaved to ADP-Pi,
and when these subunits then dissociate, they are returned to
the monomer pool as ADP-G-actin. Once back in the mono-
mer pool, the ADP is eventually released and replaced with
ATP, but this exchange proceeds very slowly (from Eq. 3 in
Kinosian et al. (1993), ke, = 0.03 s-1 for the rate constants
and nucleotide concentrations used in the present model).
The net result is that the ends of filaments effectively act as
conversion sites, binding ATP-G-actin, cleaving the bound
ATP, and then releasing the ADP'G-actin and Pi. If the
number of filaments is sufficiently high, this conversion
overwhelms the monomeric ADP-ATP exchange, and the
entire monomer pool is converted to ADP-G-actin, with an
accompanying increase in the critical concentration of
monomers and partial depolymerization of existing filaments
(Pantaloni et al., 1984).
At the time of publication of the work by Pantaloni et al.
(1984), it was not yet known that ADP-Pi F-actin is the
primary species found at the barbed ends of filaments at
equilibrium, rather than ADP-F-actin (Carlier and Pantaloni,
1986). It was therefore assumed that, once the monomer pool
had been converted to ADP-G-actin, both associating and
P
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*
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dissociating subunits would be bound to ADP and therefore
the critical concentration would rise to that expected for
ADP-actin, as reported in their paper. The supposition of
ADP-tipped filaments must be modified, however, to take
account of their more recent experiments showing that under
conditions of normal filament concentration the equilibrium
polymer hasADP Pi subunits at its barbed ends and not ADP
subunits (Carlier and Pantaloni, 1986).
Our simulation results suggest that the appropriate
modification consists of the recognition of the existence of
ADP caps at the barbed ends of filaments. This conclusion
is plausible for the following reasons. If under conditions
of high filament concentration the barbed ends of filaments
were capped with ADP-P, subunits rather than ADP sub-
units, then the associating species would be ADP-actin, but
the dissociating species would be ADPPi actin which dis-
sociates at the same rate as ATP actin (Korn et al., 1987).
The result would be a critical concentration, Cc = k-91k+11
= 0.2 ,uM, which would be lower than the ADP critical
concentration, Cc = k-11/k+11 = 2 ,uM, since ATP actin
dissociates more slowly than ADP actin (Table 1). Panta-
loni et al. (1984) reported that the critical concentration
under conditions of high filament concentration did in fact
approach that of ADP actin, however, so the dissociating
species must have been ADP actin, suggesting the pres-
ence of ADP caps at the ends of filaments.
If this hypothesis is correct, the concentration of
ADP-G-actin under conditions of high filament concentra-
tion would be expected to be a function of the concentra-
tions of ADP-tipped filaments [ND] and ADP Pi-tipped
filaments [Np], since the barbed ends of the two species
have different dissociation rates. At steady state, when fila-
ments have ceased growing, the concentration of ADP-G-
actin can be obtained as the ratio of the rate of its produc-
tion to the rate of its loss,
_kg[Np] + k_ll[ND] + k-12[Ntot][GD] = (k+11 + k+12)[NtOt] + kex (1)
and likewise for the concentration [GTI of ATP-G-actin,
[GT] = kex[GD] , (2)(k+9 + k+10)[Ntot]
where [Ntot] is the total concentration of filaments, and kex
0.03 s-1 is the rate of exchange of ADP for ATP on ac-
tin monomers (other rate constants are defined in Table 1).
Equation 1 assumes that the pointed ends of filaments are
ADP-tipped (Korn et al., 1987). The data from our simula-
tion support the hypothesis that the concentration of
ADP-G-actin depends on the nucleotide composition of the
barbed ends of filaments (Fig. 4).
The growth of ADP caps from the ADP-actin monomer
pool can be attributed to the microscopic dynamics of the
association/dissociation process at the ends of filaments. Hill
(1984) and Carlier et al. (1984) have argued that this process
consists of F-actin filament length fluctuating back and forth
much like the motion of a one-dimensional random walker.
They examined the redistribution of ADP-F-actin filament
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FIGURE 4 Relationship between the concentration of ADP-G-actin and
the nucleotide composition of the barbed-end filament tips. The concen-
tration of ADP-G-actin is from the simulation, while the predicted con-
centration is from Eq. 1 in the text and the concentrations of ADP-Pi-
tipped and ADP-tipped filaments from the simulation. Since the
dissociation rate of ADP subunits is higher than ADP-Pi subunits, the
concentration of ADP-G-actin increases in proportion to the concentration
of ADP-tipped filaments.
lengths following controlled fragmentation by sonication,
and found that the distribution had a Gaussian form that
became wider with time as expected for a diffusive system
containing many random walkers.
In our simulation the filament length fluctuations also re-
sulted in a Gaussian distribution (Fig. 5), but were compli-
cated by the presence ofADPPi subunits. While lengthening
fluctuations of filaments always consisted of association of
ADP-actin, shortening fluctuations could consist of either
ADP or ADPPi dissociations with different rates. Upon
completion of polymerization, all filaments were initially
capped with ADPPi subunits, and all shortening fluctuations
therefore consisted of the dissociation of ADP-Pi subunits,
adding new ADP'G-actin to the monomer pool. Lengthening
fluctuations conversely always consisted of association of
ADP subunits to filament ends since the monomer pool con-
tained only ADP-G-actin. The formation ofADP caps at the
barbed ends of filaments was therefore directly fed by dis-
sociations from ADP-Pi-tipped filaments.
The prediction of ADP cap growth can be treated as a
birth-death process with a reflecting barrier at the origin.
Systems behaving as a birth-death process consist of a num-
ber (possibly infinite) of discrete states arranged along a line.
If such a system is in state n, its only nonzero transition
probabilities are for transitions into states n ± 1. A reflecting
barrier at the origin implies that a system in state n = 0 may
only transit to n = 1. The time evolution of the probability
of a cap of length n at time t is proportional to the prob-
abilities for caps of length n ± 1,
d =t) k_ lPn+1(t) + k+ll[GD]Pf (t)dt
- (k_11 + k+11[GDD])Pnf(t) (3)
while the time evolution of the probability for a capless fila-
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FIGURE 5 Broadening of the Gaussian filament length distribution over
time, in agreement with Carlier et al. (1984) random walk model. (A) Dis-
tribution of filament lengths at 8 s of model time, after polymerization has
finished (cf. Fig. 2B). (B) Distribution offilament lengths after 58 s of model
time, at the end of the simulation (cf. Fig. 2C). The distribution is much
broader than in A, as a result of random filament length redistribution over
time. The data for each figure were averaged over a period of 4 s of model
time centered at 8 s in A and 58 s in B. Error bars are ± 1 S.D. The null
hypothesis that the distributions were Gaussian with mean m = 44 subunits
and variance s2 = 48.2 forA and s2 = 144.0 for B could not be rejected at
a significance of P < 0.05 (X%5,6= 12.6, X2b, = 0.5 for A; X%5,10 = 18.3,2= for mean~.05, were0
xbs 3.4 for B). The mean and variance of both distributions were esti-
mated using the maximum-likelihood method on the original ungrouped
data.
ment is proportional only to PO(t) and Pl(t),
dt = k_llP1(t) - k+ll[GD]Po(t).
where In = I_-,n = I_[2(k llk+ll[GD])1"2t] is a modified
Bessel function (Goel and Richter-Dyn, 1974), and the fact
that the mean ADP cap size in the simulation was 1 subunit
at t = 8.5 s has been used.
The infinite time limit for the birth-death process yields an
expression for the steady-state distribution of ADP caps,
Pn (t-* co) = (k_1 k+k11[GD]) (k+11[GD])fnk-11 k-11 (6)
from which the steady-state mean cap length can be obtained
as
(n) = k+ll[GD]/(k-ll - k+ll[GD]). (7)
Substitution of PO(t-moo) as [NP] = Po[NtO,] and [ND] =
(1 - Po)[Ntot] into Eq. 1 gives
[G] ~~k-9 +k-1218M[GD] = k k12 = 1.8 gM,k+12 + kex/[Ntot] + k-9k+ll/k-ll (8)
for the expected steady-state concentration of ADP-G-actin
as a function of the filament concentration [N101], in close
agreement with the value predicted by our simulation.
Equation 5 describes the time evolution of the ADP cap
length in the presence of a pool of pure ADP monomers.
Trace amounts ofATP monomers can have a dramatic effect
on the ADP cap length distribution, however, since a cap of
length n can suddenly be reduced to a cap of length zero by
the addition of one ATP subunit. To take account of ATP
monomer addition, consider the likelihood that an ADP cap
of length n is actually a cap of length n' < n due to the
presence of an ATP subunit at n' + 1. This likelihood is
(1 - aU)atn' where a = k+ll[GD]I(k+9[GT] + k+ll[GD]) is
the probability that an association onto the barbed end of a
filament is an ADP monomer rather than an ATP monomer,
and leads to a modified distribution,
pn(t) = Pn(t)an + (1 - a)otn z Pi(t),in+1 (9)
that takes account of the presence of ATP monomers. The
modified probability distribution specied by Eq. 9 is in ex-
cellent agreement with our simulation results (Fig. 6). The
steady-state limit is
(4)
If we consider the process ofADP cap growth after the con-
centration of ADP-G-actin has stabilized (t = 8.5 s in the
present simulation), then Eqs. 3 and 4 imply that
k()G=(k[D])n-1)/2- (k+jj[GD]+k-ii)t
X [In-1 + (k+A: [G] ) I1+2 (5)
p (t oo0) = (k11 - ok+ll[GD]) (oknI[GD] )n (10)
and this can again be used to obtain the steady-state mean cap
length, modified to take account of the presence of ATP
monomers:
(n)' = ak+ll [GD]/(k_jj - ak+ll[GD])-
Equation 3 from Kinosian et al. (1993),
k3k = +]ex 1 + k+3[ATP]/k+4[ADP]
k_4
+1 + k+4[ATP]/k+3[ADP] '
(11)
I 1k ) j=2k+] [GD]) (12)
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FIGURE 6 (A) Length distribution of barbed-end ADP caps at four
successive times. Shortening fluctuations at the barbed ends of ADP-P1-
tipped filaments caused new ADP monomers to be added to the monomer
pool. Lengthening fluctuations then took up the ADP monomers as ADP
caps. The net result was a broadening distribution of longer caps. Each
distribution in A represents an average over 4 s of model time, centered at
the time indicated in the figure. Error bars are ±1 S.D. (B) Mean barbed-
end ADP cap lengths plotted as a function of time. The rate of incorpora-
tion of new ADP subunits into caps decreased as ADP-Pi-tipped filaments
were blocked by the association of ADP subunits, causing the rate of in-
crease of the mean cap length to lower with time. Each data point in B
represents an average over 4 s of model time, centered at the time indi-
cated by the data point's position on the horizontal axis. Since each data
point represents the mean of a roughly exponential distribution of cap
lengths (see A), the standard deviation in each mean cap length measure-
ment is of the order of the mean cap length itself. The null hypothesis
that the ADP cap length distributions shown in A matched the distribution
predicted by Eq. 9 in the text could not be rejected at a significance of P
< 0.05 (poorest fit was X, = 11.1, Xo = 3.3).
and our Eqs. 2, 8, and 11 can be combined to provide the
relationship between the mean length of the exponential
steady-state ADP cap-length distribution (n)', the ratio of
nucleotide concentrations [ATP]/[ADP], and the concentra-
tion of F-actin filaments [Ntot] (Fig. 7). The mean steady-
state ADP cap length approaches zero below [Ntot] = 0.06
,uM, while it diverges rapidly for [ATP]/[ADP] -* 0.1 and
[Ntot] > 10 ,uM.
This analysis describes the behavior of the barbed ends of
filaments. A qualitatively similar sequence of events was in
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FIGURE 7 Contour plot of mean steady-state barbed-end cap size as a
function of nucleotide concentration ratio and F-actin filament concentra-
tion. Data for this plot was generated from Eqs. 2, 8, and 11 in the text. The
cap size is zero below a filament concentration of approximately 0.06 AM,
while the cap size diverges rapidly as the nucleotide ratio [ATP]/[ADP]
approaches 0.1 and the filament concentration approaches 10 ,LM. The large
black dot marks the location of the simulation presented in this paper, where
the [ATP]/[ADP] ratio is 10, the filament concentration is 0.8 ,uM, and the
resulting steady-state ADP cap size is approximately 6. Note that all values
are plotted logarithmically.
fact observed at the pointed ends of filaments as well, but the
extent of polymerization, fluctuations, and ADP cap growth
was much lower due to the decreased kinetic activity of this
end of the filament. Furthermore, fluctuations ate away the
small sequence of ADPPi subunits at the pointed ends of
filaments within only a few seconds of model time, making
it difficult to distinguish between those ADP subunits added
by fluctuations and those that were present at the beginning
of the simulation.
CONCLUSIONS
Filament length redistribution through random length fluc-
tuations will cause the nucleotides on terminal subunits of
filaments to reflect the nucleotide composition of the mono-
mer pool. If monomers consist mostly in ATP-G-actin, fluc-
tuations at filament ends will ensure the presence of a cap of
ADP-Pi subunits, while an ADP-G-actin pool will result in
ADP caps.
This process has the potential to act as a regulator of the
F-actin filament population by driving it back and forth be-
tween a state of low polymerization and a state of high po-
lymerization. Under conditions associated with cell activa-
tion, filament-severing proteins cut filaments into smaller
pieces and monomer sequestration proteins release large
amounts of G-actin (Stossel, 1989). This results in a sub-
stantial increase in the number of filaments followed by mas-
sive polymerization, conditions similar to those simulated in
the present work. Our findings indicate that, after polymer-
ization has finished, continued fluctuations at filament ends
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will cause the progressive widening of the Gaussian distri-
bution of filament lengths, causing some filaments to shrink
and disappear (Carlier et al., 1984) while others take up ADP
monomers in extended ADP caps.
If monomer-sequestering proteins become reactivated
when filaments are in this condition, the monomer concen-
tration will be forced below the critical concentration for
ADP-actin. This will cause all ADP capped filaments to de-
polymerize, dumping all of their ADP subunits back into the
monomer pool until the ADP-Pi sequence formed during the
initial polymerization phase is reached. The filament popu-
lation is thus returned to a state of low polymerization, since
many filaments will have been lost through filament length
redistribution and those left over reduced in size through the
loss of their ADP caps. All that is required now to return the
cytoskeleton to its preactivation state is the substitution of
ATP for ADP on sequestered actin monomers. Kinetic simu-
lations performed by Goldschmidt-Clermont et al. (1991)
have suggested that the actin monomer-sequestering protein
profilin may actually stimulate this exchange. The process of
cycling from low to high polymerization outlined above is
plausible given the results we have presented, but more work
is required to establish its likelihood in vivo. If it is correct,
it likely to be important only in time periods ranging from
a few minutes (long enough for the ADP caps to form) to
perhaps 30 min. Since the rate of random Pi loss on
ADP Pi F-actin filaments is k8 = 0.0055 s-1 an hour after
polymerization has completed all of the F-actin subunits will
be bound only to ADP, and loss of filaments through length
fluctuations will have reduced the filament concentration to
levels incommensurate with ADP caps.
We have presented and discussed the results of a simu-
lation of microfilament polymerization from a solution con-
taining short F-actin seeds and a large concentration of
ATP-G-actin. The results are consistent with the model of
actin polymerization proposed by Korn et al. (1987), but
possess additional characteristics not originally expected
from their model: the diffusive formation ofADP caps at the
barbed ends of filaments under conditions of high micro-
filament concentration. We have developed a kinetic model
that describes the distribution ofADP cap lengths as a func-
tion of nucleotide and filament concentrations, and the model
is in excellent agreement with the simulation results. The
phenomenon of barbed-end ADP capping appears to be a
natural consequence of Korn et al.'s (1987) model and could
be important in regulating the characteristics of the F-actin
filament population in vivo.
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